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MPI fu¨r Zu¨chtungsforschung (Figures 1A and 1B). We find that wild-type trichomes
neither express CYCB1;1 (data not shown) nor CYCB1;2Carl-von-Linne´ Weg 10
50829 Ko¨ln (Figure 1B).
We next expressed the cDNAs encoding CYCB1;12 Botanisches Institut 3
Universita¨t zu Ko¨ln and CYCB1;2 in trichomes using a promotor fragment
from the Arabidopsis GLABRA2 (GL2) gene [12]. Out ofGyrhofstr. 15
50931 Ko¨ln 40 transgenic lines expressing CYCB1;2 in trichomes,
20 displayed obvious deviations from wild-type. First,3 ZMBP
Universita¨t Tu¨bingen the cluster frequency was greatly increased in compari-
son to wild-type, with up to 33% of all trichome initiationAuf der Morgenstelle 3
72076 Tu¨bingen sites (TIS) having more than one trichome (Table 1, Fig-
ures 2A, 2B, and 2F). Second, the trichome morphologyGermany
was slightly altered. Closer inspection revealed conspic-
uous constrictions on the trichome stems (Figures 2F
and 2G). Confocal laser microscopy showed more thanSummary
one nucleus and several cell walls within one trichome
(Figure 2H). Thus, CYCB1;2 expression transformed theCell differentiation is frequently accompanied by a
single-celled trichomes into multicellular hairs. This find-switch from a mitotic division cycle to an endoreduplica-
ing was confirmed by light microscopic analysis of semi-tion cycle. In endoreduplicating cells, DNA synthesis
thick sections (Figure 3F) and transmission electron mi-continues in the absence of cell divisions, and it is specu-
croscopy of ultrathin sections (Figures 3A–3D). Thelated that endoreduplication represents a shortened mi-
observed trichome clusters suggest that the divisionstotic division cycle [1, 2]. In animals, it has been shown
occur early in pGL2::CYCB1;2 trichome developmentthat cells switching from mitotic to endoreduplication
before the young trichome cell has initiated outgrowthcycles continue to express factors controlling the G1-S
(Figures 2C–2E and 3A–3C). The majority of maturetransition, whereas the transcription of mitotic factors
multicellular trichomes had 2–3 cells (Table 1). Occa-controlling the G2-M transition is negatively regulated
sionally, cells with two nuclei were detected by DAPI[3, 4]. It is unknown how the mitotic factors are re-
staining, and also, rarely, compartments without a nu-pressed and what the functional significance of their
cleus were found (data not shown).suppression is. To test the function of two mitotic cyclins
As judged by its ultrastructure, the newly formed cellin an endoreduplication cycle, we expressed CYCLIN
wall within a trichome resembles a normal cell wall inB1;1 and CYCLIN B1;2 [5, 6] in unicellular Arabidopsis
which plasmodesmata can be visualized (Figures 3B–3E).trichomes. During wild-type development, trichomes
A marker for somatic cell divisions is the cytokinesis-undergo an average of four endoreduplication cycles,
specific syntaxin KNOLLE (KN) [13]. Whereas in wild-leading to a DNA content of approximately 32C [7, 8].
type trichomes we could never detect any KN expres-We find that ectopic expression of CYCLIN B1;2, not
sion by RNA in situ hybridization (data not shown), weCYCLIN B1;1, induces mitotic divisions resulting in
found that KN is expressed in pGL2::CYCB1;2 trichomesmulticellular trichomes. The CYCLIN B1;2-triggered
(Figure 1E). Thus, CYCB1;2 expression not only pro-cell divisions appeared normal with respect to both
moted nuclear divisions but also induced the completenuclear division and cytokinesis. We show that CYCLIN
cytokinetic machinery.B1;2 is misexpressed in the siamese mutant, which also
We next analyzed the misexpression of CYCB1;1 inproduces multicellular trichomes [9]. Additional overex-
trichomes. CYCB1;1 and CYCB1;2 are closely relatedpression of CYCLIN B1;2 in a siamese mutant back-
and belong to the same subgroup of B-type cyclins; theground caused a strongly enhanced phenotype.
CYCB1;1 amino acid sequence exhibits ca. 50% identity/
65% conserved amino acids to the CYCB1;2 protein. How-
Results ever, none of more than 40 independent pGL2::CYCB1;1
plants developed multicellular trichomes; although, the
To test whether endoreduplicating wild-type trichomes CYCB1;1 transgene appears to be similarly expressed
express mitotic cyclins, we analyzed the expression pat- as CYCB1;2 (Figure 1G). F1 plants of crosses between
terns of CYCLIN B1:1 (CYCB1;1) and CYCLIN B1:2 two CYCB1;1 lines and CYCB1;2 did not show an en-
(CYCB1;2) [5, 6]. It has been shown that CYCB1;1 is hanced CYCB1;2 phenotype (Table 1). In addition, we
expressed in dividing cells [10, 11]. Here, we demon- find that expression of CYCB1;1 under the control of
strate that CYCB1;2 is expressed similarly to CYCB1;1 the CDC2a promotor did not alter trichome morphology
in young rosette leaves. CYCB1;2 has the typical “salt (CDC2a is strongly expressed in trichomes, unpublished
data). The functionality of pCDC2a::CYCB1;1 has been
shown by an increase in root length in transgenic plants4 Correspondence: martin.huelskamp@uni-koeln.de
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cated by the observation that the trichome nuclei still
underwent endoreduplication. The majority of the single
nuclei in a multicellular trichome or trichome cluster had
a DNA content between 8C and 16C (Figures 4C, 4E,
and 4F).
We find an inverse correlation between the number
of nuclei and the single nuclear DNA content per TIS,
so that a two-celled cluster had, on average, 32C with
an average single nuclear size of 16C, and a three-celled
cluster also had 32C, but the single nuclei now only
reached ca. 11C (Figures 4E and 4F). A Student’s t test
predicts with a probability of more than 99.5% that these
two distributions are significantly different (t  5.34,
n  100). It thus appears that the total number of cycles
are roughly the same, irrespective of whether a mito-
sis or an endoreduplication is executed, limiting the
total DNA content per TIS to roughly 32C. This points
toward an independent control mechanism upstream of
CYCB1;2 expression restricting the DNA amplification
to approximately four cell cycle rounds.
In this context, it is surprising that single-celled trichomes
had a reduced DNA content of 16C in comparison to wild-
type. (Figure 4D), indicating that the CYCB1;2 expression
reduces the number of endoreduplication rounds. We en-
vision a scenario in which a mitosis-promoting signal
produced by CYCB1;2 drives the cell toward division,
but in which its concentration is not always sufficient
to induce mitosis, e.g., due to competition by some yet
unknown endoreduplication-promoting factor. If there
is no clear decision for one or the other mode, the cell
cycle does not proceed, resulting in trichomes with a
lower than normal DNA content.
A candidate for a positive regulator of endoreduplica-
tion is the recently identified SIAMESE (SIM) gene. InFigure 1. Expression Analysis of CYCB1;2
the recessive sim mutant, the trichomes also become(A) “Salt and pepper” staining of young leaves expressing
multicellular [9]. To test whether the sim phenotypepCYCB1;2::GUS in wild-type.
(B) Detection of CYCB1;2 mRNA in a “salt and pepper” pattern of could be due to a misexpression of CYCB1;2, we ana-
young leaf cells in wild-type; no detection in trichomes (arrowheads). lyzed the CYCB1;2 expression by RNA in situ hybridiza-
(C) No specific staining with a sense probe of CYCB1;2 in wild-type. tion. In 1 out of 50 sim trichomes, we could detect a
(D) Detection of CYCB1;2 mRNA in pGL2::B1;2 trichomes (ar-
hybridization signal. To achieve greater numbers, werowhead).
analyzed the CYCB1;2 promotor GUS reporter line in(E) Detection of KN mRNA in pGL2::CYCB1;2 trichomes.
sim mutant background. Since we reproducibly found(F) pCYCB1;2::GUS staining in sim trichomes (arrowheads).
(G) Semiquantitative RT-PCR showing the relative expression GUS staining in, on average, one trichome per leaf in sim
strength of pGL2::CYCB1;1 in comparison to pGL2::CYCB1;2; 18, mutant plants, we assume that SIM function includes the
21, 24, and 27 indicate the RT-PCR cycle number. As a standard, inhibition of CYCB1;2 expression in trichomes (Figure 1F).
the endogenous GL2 expression was used; note that, whereas both
Also, genetically, sim interfered with CYCB1;2. Thecyclin probes were equally strong, the GL2 label was less potent.
recessive sim mutant behaves in a pGL2::CYCB1;2
background in a concentration-dependent manner: In
[14]. Thus, we conclude that the observed phenotype the double heterozygous situation of pGL2::CYCB1;2
is specific to CYCB1;2. with sim (pGL2::CYCB1;2/; sim/), the cluster fre-
The GL2 promotor is also active in the atrichoblasts quency increased up to 33% (Table 1). Expression of
in the root and the protruding cell files in the hypocotyl CYCB1;2 in a sim homozygous mutant situation led to
[15]. Inspection of the strong expression lines of an even stronger phenotype with, on average, 13 cells
pGL2::CYCB1;2 and also pGL2::CYCB1;1 revealed no per TIS and almost 100% cluster frequency (Figures 2I
obvious alterations from wild-type in these regions. and 2J, Table 1). However, since some of these tri-
CYCB1;2 seems to act in a dose-dependent manner, chomes undergo endoreduplication as judged by their
since there is a difference between one or two copies nuclear size in comparison to stomata nuclei (Figure 2J),
of the construct: 14% versus 33% cluster frequency there are probably more factors acting in parallel either
(Table 1), and 2 versus 3 cells per multicellular trichome, promoting endoreduplication or suppressing mitosis in
respectively (Figure 2H). However, also in plants carrying trichomes.
two copies of the pGL2::CYCB1;2 construct, not all tri- Here, we have shown that ectopic CYCB1;2 expres-
chomes became multicellular. The pGL2::CYCB1;2 phe- sion can induce nuclear and cellular divisions and is
sufficient to switch between endoreduplication and mi-notype is therefore not fully penetrant. This is also indi-
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Table 1. Trichome Cluster Frequency and Number of Nuclei per Multinucleated Trichome
Cluster Frequency TIS Nuclei per Trichomes
in Percent per Leaf a Counted Multinucleated Trichome b Counted
Ler 0.5  2.4 417 nf c nc d
sim/sim 87.2  7.6 1363 5.5  3.5 104
pCDC2a::CYCB1;1 e 0.6  0.8 1003 nf c nc d
pGL2::CYCB1;1 #1 e 1.3  1.9 587 nf c nc d
pGL2::CYCB1;1 #2 e 2.8  3.3 521 nf c nc d
pGL2::CYCB1;2 #1 e 33.1  7.7 649 2.6  0.9 108
pGL2::CYCB1;2 #2 e 19.4  9.9 468 2.1  0.4 67
pGL2::CYCB1;2 #1 13.5  7.9 647 2.1  0.2 56
pGL2::CYCB1;2 #2/ 6.9  4.9 497 nd f nc d
pGL2::CYCB1;1 #1/;pGL2::CYCB1;2 #1/ 11.3  4.0 654 nd f nc d
pGL2::CYCB1;1 #2/;pGL2::CYCB1;2 #1/ 12.6  4.2 691 nd f nc d
pGL2::CYCB1;2 #1/;sim/ 33.7  6.2 1108 nd f nc d
pGL2::CYCB1;2 #1/nd f;sim/sim 99.2  1.6 955 12.5  6.1 100
a Rosette leaf number 3 and 4 were counted from at least ten plants per line; given is the average plus/minus standard deviation.
b Multinucleated trichomes were counted on rosette leaf 3 or 4; given is the average plus/minus standard deviation.
c No multinucleated trichomes were found in this line.
d Not counted.
e Homozygous line with two copies of the transgene.
f Not determined.
region of the CYCB1;2 gene was inserted (amplified from Columbiatosis in trichomes. However, CYCB1;2 appears to be
genomic DNA with the primers 5-AGAGCTCTGAATGGAAGAAGCembedded in a regulatory context: CYCB1;2 expression
CTGTTTC-3, containing a SacI site, and 5-ACCCGGGACGAGAAdoes not lead to an increased number of cell cycle
TCAACCCCGTGAG-3, including a SmaI site). If not stated other-
rounds; rather, an upstream factor seems to limit the wise, all manipulations were performed using standard molecular
total DNA content per trichome. In addition, positive methods [20, 21].
factors for endoreduplication such as SIM and others
GUS Assaysappear to counteract the effect of CYCB1;2.
Whole-mount GUS stainings were performed as described in Schoof
et al. (2000) [22].Experimental Procedures
In Situ RNA HybridizationPlant Material, Growth Conditions, and Plant Transformation
In situ detection of mRNA on sections of paraffin-embedded seed-Plants were grown as previously described [16]. The Arabidopsis
lings was done as described in Mayer et al. (1998) [23]. An antisenseecotype Landsberg erecta (Ler) was used as wild-type control. If
probe from a full-length CYCB1;1 cDNA clone was generated usingnot otherwise indicated, all CYCB1;2 analysis was done with the
T7 RNA polymerase; a sense probe for CYCB1;1 was synthesizedhomozygous line #1, which displays a strong phenotype. The sim
using SP6 RNA polymerase. Both CYCB1;1 probes were generatedseeds are a gift from John Larkin [9]. The pCYCB1;1::GUSDB re-
from pCYC1At [5]. An antisense probe from a full-length CYCB1;2porter line FA4C [11] and the pCDC2a::CYCB1;1 line 4A3 [14] are
cDNA clone was generated using T7 RNA polymerase; a sense probegifts from Peter Doerner.
was synthesized using T3 RNA polymerase, and for both CYCB1;2All plasmids were introduced into Agrobacterium strain
probes, the template was vector pBS SK CYCB1;2 [6]. An antisenseGV3101(pMP90) [17] by electroporation and transformed into Ler
probe for KN was synthesized with T7 RNA polymerase from plasmidby the floral dip method [18]. Transgenic plants were selected on
pHB02-B10 digested with XhoI; a sense probe was synthesizedMS plates [19] containing 3% sucrose with 50 g kanamycin per
using T3 RNA polymerase from plasmid pHB02-B10 digested withml. The presence of the transgene was verified by PCR.
XbaI. pHB02-B10 contains a 200-bp fragment from the 5 region of
the KN-coding region [24].Cell Cycle Constructs
To generate the pGL2::CYCB1;1 construct, the CYCB1;1 cDNA
RT-PCR Analysis(cyc1At) was excised from pCYC1At [5] (a gift from Dirk Inze´) with
An RNA template was prepared with Dynabeeds (DYNAL) and wasSalI and BamHI, inserted into pBS SK (Stratagene) (pART58), ex-
treated with DnaseI to remove genomic DNA contamination. RT-cised with SalI, treated with Klenow fragment and SacI, and than
PCR was carried out with TITAN One tube RT-PCR mix (Rocheinserted into the SmaI and SacI sites of pBI101.1pGL2 [12] (a gift
Diagnostics) with a 5 primer in the 5 UTR of the GL2 gene includedfrom David Marks) to yield plasmid pART59. To generate the
in the GL2 promotor fragment used and with a 3 primer of thepGL2::CYC B1;2 construct, the CYCB1;2 cDNA (cyc1bAt) was ex-
respective cyclin or the GL2 gene. A total of 5 l of the RT-PCRcised from pBS SK CYCB1;2 [6] (a gift from A.S.N. Reddy) with
products after cycles 15, 18, 21, 24, and 27 were separated on anBamHI and Acc65, treated with Klenow fragment, and inserted into
agarose gel, blotted onto a Hybond N membrane (Amersham),the BamHI and Ecl136II sites of pBI101.1pGL2 [12] to yield plasmid
and hybridized with the respective cDNA probes labeled with DIGpART60.To achieve trichome expression of both constructs, a 2.1-
labeling mix (Roche Diagnostics).kb HindIII/NheI fragment from the 5 upstream region of the GLA-
BRA2 gene was used [12]. To generate the pCYCB1;2::GUS con-
struct (pART51), 1059 bp of the genomic region 5 of the CYCB1;2 Microscopy
Leaves from 2-week-old plants were cryofixed by dipping them intogene (amplified from Columbia genomic DNA with the primers
5-ACCTGCAGGTGTAAGTTTTGATCACATCCTCTTG-3, containing liquid nitrogen-cooled propane, followed by freeze substitution in
anhydrous acetone containing 1% glutaraldehyde and 2% osmiuma Sse8387I site, and 5-AGTCGACATCGCTCTCCCAATGATTCT
TAC-3, including a SalI site) were cloned 5 of a GUS reporter gene tetroxide (–90C: 35 hr; –60C: 6 hr; –35C: 6 hr; 0C: 1 hr; in some
cases, 20C: 1hr). After washing them with pure ethanol, leavesfused to the destruction box of CYCB1;1 (pCDBGUS2, a kind gift
of John Celenza); 3 to the DBGUS, a 809-bp fragment from the 3 were stained with 2% uranyl acetate in pure ethanol for 1 hr and
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Figure 3. Ultrastructural Analysis of pGL2::CYCB1;2 Trichomes
(A) A single-celled trichome.
(B–C) Developing multicellular trichomes with a newly formed cell
wall showing no obvious differences to cell walls in the epidermis.
(D) A mature multicellular trichome.
(E) Plasmodesmata in the cell wall within a multicellular trichome
(arrowheads).
(F) A semithick section of a mature multicellular trichome.
stainings with CYTO13 (Molecular Probes) were analyzed as de-
scribed [25]. Cryo-scanning electron microscopy was performed as
described in Rumbolz (1999) [26].
DNA Measurements
Trichome nuclei were measured as described in Schnittger et al.
(1998) [25].
Other TechniquesFigure 2. Morphological Analysis
All sequencing work was done using the ABI PRISM BigDye Termi-(A) A scanning electron micrograph of wild-type trichomes devel-
nator cycle sequencing kit and the ABI sequencer 310 (Appliedoping at the base of a rosette leaf; the scale bar represents 30 m.
Biosystems). Sequence analysis was carried out with Vector NTI(B) A mature wild-type trichome; the scale bar represents 100 m.
(Informax). Alignments were done with the ClustalW and BLAST 2(C–E) Development of pGL2::CYCB1;2 trichomes; the scale bar rep-
sequences algorithm [27, 28]. Images were processed with Adoberesents 10 m.
PhotoShop 6.0 and Adobe Illustrator 9.0 software.(F) A mature pGL2::CYCB1;2 trichome; the scale bar represents 30 m.
(G) A closeup view of a constriction on a pGL2::CYCB1;2 trichome
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